L-Phenylalanine ammonia-lyase catalyzes the nonoxidative deamination of phenylalanine to yield trans-cinnamic acid and a free ammonium ion (10) . Since the initial isolation and description of this enzyme in barley shoots (16) , the presence of L-phenylalanine ammonia-lyase has been noted in a variety of botanical and microbial species. In plants, L-phenylalanine ammonia-lyase is a ubiquitous protein which constitutes the initial step of a highly branched and quantitatively significant pathway of secondary metabolism. The regulation of this enzyme in plants has been intensively studied in an attempt to gain understanding of developmental phenomena (6, 9, 12, 14, 20, 22) .
Although L-phenylalanine ammonia-lyase is sometimes found in procaryotes (1), its distribution among microorganisms appears to be limited mainly to certain families of fungi and yeasts. Although the role of L-phenylalanine ammonia-lyase in particular microbial systems may on occasion equate with secondary metabolism (18) , as it does in plants, its central role in microbes seems to be catabolic, i.e., serving as an initial degradative step to generate usable carbon and energy (17) .
Partially purified preparations of L-phenylalanine ammonia-lyase can be used to assay for Lphenylalanine with high sensitivity, owing to the strong absorbance of cinnamate at 273 nm. An excellent source of enzyme is the red yeast Rhodotorula glutinis, which expresses substantial amounts of enzyme in complete medium supplemented with L-phenylalanine. Some enzymological characterizations have been carried out with enzyme that has been partially purified from R. glutinis (7, 13) . The timing of the appearance of enzyme early in stationary-phase physiology mimics the timing of the events of secondary metabolism. In this paper we show the latter timing to be fortuitous and the synthesis of Lphenylalanine ammonia-lyase to be inducible in response either to a signal of nitrogen deprivation or to a signal of carbon limitation.
(This study represents part of a thesis presented by W.C.M. to Preparation of crude extracts. Cultures were harvested by centrifugation at 7,000 x g at 4°C. On occasion, when fresh cells were not used immediately, the pellet was quick-frozen and maintained at -40°C until extract preparation was done (within 48 h). Cells were suspended in 50 mM Tris-hydrochloride buffer at pH 8.5 and 4°C before ultrasonic disruption via three 30-s bursts of ultrasonic energy applied by use of a Lab-Line Ultratip Labsonic System. The resulting solution was clarified of debris that was sedimented at 25,000 x g and then was dialyzed overnight against 4,000 volumes of buffer at 4°C. The resulting crude' extracts contained L-phenylalanine ammonia-lyase that maintained stability for at least 9 months of storage at -40°C.
Partial purification. A 50-mg amount of crude extract was layered on a column (1.5 by 25 cm) of DEAE-cellulose that had been equilibrated at 4°C with 50 mM Tris-hydrochloride buffer (pH 8.5). The column was washed with 66 ml of buffer before application of a linear gradient (300 ml) of NaCl (end gradient concentration, 0.5 M). Fractions of 2.2-ml volume were collected at 4°C and assayed for L-phenylalanine ammonia-lyase activity and for protein concentration (3, 5, 21) .
Fractions containing 90% of the total enzyme activity were combined and concentrated by passage through an Amicon PM-10 membrane. This sample was layered on a hydroxylapatite column (1.5 by 10 cm) that had been equilibrated with 1 (15) and dried with anhydrous Na2SO4. The ether was evaporated with a stream of gaseous nitrogen in a ventilated hood to yield a residue which was suspended in 1.0 ml of methanol. Two different bidimensional thin-layer chromatography (TLC) systems were employed for analytical purposes. In system 1, glass-backed cellulose plates (20 by 20 cm; Comaz) with fluorescent indicator were used. Ether extract was spotted in the lower left corner, and the plate was developed in the first direction with formic acid-water (98:2). After drying, the plate was developed inthe second direction in benzeneacetic acid-water (10:7:3). In system 2, Eastman Silica Gel 60 F-254 plastic-backed plates (20 by 20 cm) were developed in the first direction with benzene-acetic acid-water (6:7:3). After drying, the plates were developed in the second direction with benzene-dioxaneacetic acid (90:25:4).
For preparative purposes, unidirectional TLC was used employing Analtech Silica Gel F-254 (1 mm thick) on glass plates (20 by 20 cm). After streakapplication of the sample about 2 cm from the lower edge, development was carried out in benzene-acetic acid-water (10:7:3). The elution solvent was ether.
Tracing of radiolabeled compounds. A 1-liter culture was grown in minimal salts medium containing Difco nitrogen base and 15 mM L-phenylalanine (as a carbon source) and was harvested at the late exponential phase of growth. Cells were pelleted by centrifugation at 7,000 x g and then suspended in 75 monia-lyase was present in a specific activity range of 9 to 12. Fructose and ammonium sulfate (if present as carbon and nitrogen sources, respectively) abolished the ability of L-phenylalanine to induce lyase. Thus, fructose and ammonium sulfate are carbon and nitrogen compounds which prevent the expression of phenylalanine ammonia-lyase that is potentially induced in the presence of L-phenylalanine, provided L-phenylalanine is not being utilized as the sole source of carbon or nitrogen.
Timing of physiological induction of L-phenylalanine ammonia-lyase. When Lphenylalanine is added as a supplement to complex medium, L-phenylalanine ammonia-lyase activity is not apparent until well into the exponential phase of growth, and peak activity is not achieved until the early senescent phase (7). This could reflect the delayed utilization of Lphenylalanine after depletion of some preferred carbon or nitrogen source. Depletion of nitrogen was implicated because the specific activity of lyase from complex medium-grown cultures was more similar to that obtained by using L-phenylalanine as a nitrogen source in minimal medium ( Table 1 ) than to that obtained by using L-phenylalanine as a carbon source in minimal medium. The pattern of delayed lyase appearance in complex medium was mimicked in defined medium, where it was observed that the induction of lyase by L-phenylalanine was delayed for about 18 h until (NH4)2S04 was depleted from the medium (Fig. 1) . When cells were required to shift to L-phenylalanine as a new source of nitrogen, a fairly lengthy lag time in growth correlated with the induction of lyase fornation (Fig. 1) .
Experiments in which a nutritional shift was made requiring the induction of lyase to utilize L-phenylalanine as the sole source of carbon are shown in Fig. 2 tube contained lyase having a specific activity of 168. In a second purification step of hydroxylapatite chromatography, activity was again recovered in a single, sharp peak at 91 mM in the salt gradient (specific activity, 692). The purification thus obtained was about 14-fold. This same protocol was applied starting with a crude extract derived from cultures induced by L-phenylalanine under nitrogen signal conditions. Elution positions of the two enzyme preparations were concluded to be identical when single, sharp peaks of activity were recovered from DEAE-cellulose and hydroxylapatite after mixture of the two preparations in equal specific activity portions. In other experiments (data not shown), sedimentation of lyase through sucrose density gradients did not reveal detectable molecular weight differences. Kinetic parameters of activity were also very similar (Km = 0.57 mM at 220C).
Intermediates of L-phenylalanine catabolism. Cultures catabolizing L-phenylalanine as the sole source of carbon were harvested late in exponential growth for TLC analysis. Extraction with ether (see above) was carried out, and the acidic fraction was analyzed in TLC systems 1 and 2. Three distinct spots were seen which were not apparent in comparable preparations from cultures grown on fructose-ammonium sulfate.
One compound migrated with the same Rf as 4- hydroxybenzoate, was faintly fluorescent under UV light, and turned light brown after spraying with diazotized p-nitroaniline. The remaining compounds comigrated with cinnamic acid and benzoic acid, were intensely fluorescent under UV illumination, and were unreactive with diazotized p-nitroaniline. p-Nitrodiazonium salts couple with phenols such as 4-hydroxybenzoate. The lack of a 4-hydroxy substituent in transcinnamic acid and in benzoic acid accounts for their nonreactivity with diazotized p-nitroaniline.
A small portion (about 10%) of the acidic fraction was developed in TLC system 2. The three metabolites (located by fluorescence detection) were scraped from the TLC plate and eluted into ether. The ether was evaporated, and the residue was taken up into 1.0 ml of methanol. The UV absorption profiles obtained were exact matches for profiles obtained with authentic samples of cinnamic acid, benzoic acid, and 4-hydroxybenzoic acid. When the above procedures were carried out with extracts derived from cultures responding to L-phenylalanine as the sole nitrogen source, results were qualitatively the same except that 4-hydroxybenzoic acid was strikingly more prominent by visual inspection.
Catabolism of doubly labeled L-phenylalanime. L-Phenylalanine was catabolized as the sole source of carbon under conditions specified above. Each carbon atom carried a 14C label, whereas the C-4 substituent of the L-phenylalanine ring was tritiated (Fig. 3 ). Samples were taken at 4, 8, and 17 min after the addition of the double label (4-3H; U-14C) to growing cells of R. glutinis. All three samples yielded evidence for incorporation of L-phenylalanine into cinnamic acid, benzoic acid, and 4-hydroxybenzoic acid. The best conversion (about 10%) was obtained with the 4-min sample. Therefore, samples were analyzed 4 min after the administration of doubly labeled L-phenylalanine, and repeated crystallizations were carried out. The data summarized in Fig. 3 cite 3H/14C ratios that were constant (+0.1) throughout the last three recrystallizations. The 3H/'4C ratio of cinnamic acid was 10.5, exactly the double-label ratio of the parent L-phenylalanine molecule administered 4 carbon atoms, predicts a new ratio of 13.5, which is very near the number obtained. The hydroxylation step converting benzoic acid to 4-hydroxybenzoic acid occurs with retention of a large fraction (about 90%) of tritium labeling, a result that is consistent with an NIH shift mechanism (8) .
We sought evidence for incorporation of labeled L-phenylalanine into 3,4-dihydroxybenzoic acid, the next metabolite expected in the catabolic sequence. However, labeled 3,4-dihydroxybenzoic acid was not detected. beling protocol (Fig. 3) [2] .) The reproducible difference in specific activities obtained in R. glutinis, depending upon whether L-phenylalanine was primarily supplying nitrogen or carbon, did indeed suggest the possibility of separate enzyme proteins. However, no obvious differences in physical characteristics of nitrogen signal-induced lyase or carbon signal-induced lyase were found. Although the lyase enzyme alone would be sufficient to liberate inorganic nitrogen from Lphenylalanine in response to nitrogen limitation, it appears that a succeeding block of enzymes is also induced since benzoate and 4-hydroxybenzoate were detected by TLC. Since induced nitrogen-limited cultures appeared to accumulate more 4-hydroxybenzoate than did induced carbon-limited cultures, a distinct possibility is that the enzymes between L-phenylalanine and 4-hydroxybenzoate are induced en bloc in response to nitrogen limitation. Cinnamic acid cannot be tested as a carbon source nutrient because it is highly inhibitory to growth, as is benzoate. It is therefore possible that, if the multistep pathway shown in Fig. 3 is induced by L-phenylalanine during nitrogen limitation, not only is usable nitrogen liberated by lyase action, but noxious coproducts such as cinnamate are transformed to 4-hydroxybenzoate, which is not growth inhibitory.
